Two-dimensional (2D) metallic states induced by oxygen vacancies at oxide surfaces and interfaces provide new opportunities for the development of advanced applications, but the ability to control the behavior of these states is still limited. We used Angle Resolved Photoelectron Spectroscopy combined with density functional theory to study the reactivity of states induced by the oxygen vacancies at the (001)(14) surface of anatase TiO2, where both 2D metallic and deeper lying in-gap states (IGs) are observed. Remarkably, the two states exhibit very different evolution when the surface is exposed to molecular O2: while IGs are almost completely quenched, the metallic states are only weakly affected. The energy scale analysis for the vacancy migration and recombination resulting from the DFT calculations confirms indeed that only the IGs originate from and remain localized at the surface, whereas the metallic states originate from subsurface vacancies, whose migration and recombination at the surface is energetically less favorable rendering them therefore insensitive to oxygen dosing.
SUMMARY
Anatase titanium dioxide (TiO2) is one of the most widely used metal oxides for applications ranging from photo-catalysis for water splitting and environmental remediation to self-cleaning windows and biomedical devices. In stoichiometric form, TiO2 has a large band gap, ~ 3.2 eV, and is photo-active only under UV light illumination, which accounts for just 5% of the solar spectrum. However, TiO2 can be easily reduced through the creation of oxygen vacancies. These give rise to localized defect states within the band-gap (in-gap (IG)), extending TiO2's photo-response to the visible light region. In addition, as found in other oxide systems, oxygen vacancies in anatase induce also highly delocalized (conductive) two-dimensional electron gas (2DEG) states in proximity of the surface. While the influence of oxygen vacancies on TiO2's photo-activity is well known, it is still unclear whether the effects of IG and 2DEG states are similar or not and which is more or less favorable. For this reason, one would ideally like to control and selectively activate one of the two states (i.e. IG or 2DEG). Such a control has not yet been realized in any of the wide band-gap oxides.
To achieve this objective, we have investigated the oxygen vacancy induced IG and 2DEG states on the anatase TiO2 (001) surface using a combined experimental and computational approach. Our first principles calculations show that the IG and 2DEG states in TiO2 originate from different vacancy sites: the former from sites localized directly at the surface, and therefore highly reactive to oxygen; the latter are instead subsurface and much more robust to oxygen. Based on these results, we devised a way to selectively control the localized IG states by reaction with molecular oxygen, as confirmed by operando experiments under oxygen dosing. The fact that the 2DEG states are located at well-defined sub-surface layers opens up the possibility of their direct control by material atomic-engineering.
By unveiling new and relevant aspects of the surface chemistry of TiO2, our findings provide a pathway for tailoring the performance of future devices. INTRODUCTION Many functional properties of anatase TiO2 of relevance, e.g., in photocatalysis, solar cells and sensors  are critically affected by the presence of excess electrons induced by intrinsic defects, dopants or photoexcitation [1] [2] [3] [4] [5] [6] [7] . Understanding and controlling the behaviour of excess electrons is thus essential for improving its performance in existing applications and for developing new applications as well. In particular, important changes in the electronic structure have been induced by the chemical doping arising from oxygen vacancies (VOs), such as the creation of ingap defect states, the formation of depletion regions, and band bending. 3, 8 Another noteworthy feature connected with VOs is the formation, under photoirradiation, of electronic states with metallic d-character (Ti 3d) at the anatase (101) and (001) surfaces, generally termed twodimensional electron gas (2DEG) states [9] [10] [11] [12] [13] . First observed at the LaAlO3/SrTiO3 interface 14 , 2DEGs have been reported both in transition metal oxides (TMOs) parent compounds (e.g. bare surfaces of SrTiO3, KTiO3) and in engineered heterostructures 15, 16 . Although the photoirradiation process is the common denominator of 2DEGs in the former materials, including anatase TiO2, a number of important aspects are still controversial and need clarification, such as i) the depth distribution of the oxygen vacancies acting as electron donors, and ii) the behaviour of both 2DEG and localised in-gap (IG) defect states under reducing vs. oxidising conditions, notably to what extent and in what conditions the excess of VOs created by photoirradiation can be controlled [9, 10] .
Here we combine ultraviolet (UV) and X-ray based electron spectroscopies and first principles calculations to clarify the role, the formation mechanism and the possible control of defect states formed at the (001) surface of anatase TiO2 [17] [18] [19] . In-situ UHV growth of high quality epitaxial thin films obtained by Pulsed Laser Deposition (PLD) allowed us to identify the types of defect states that appear under photoirradiation and can be tailored also by controlled post-growth treatment (UHV annealing). Angle Resolved PhotoElectron Spectroscopy (ARPES) confirms the existence of both localised and delocalised electronic states, while Resonant-PES in soft X-ray range identifies their Ti 4+ or Ti 3+ character, respectivley. Monitoring the spectral changes while dosing the surface with molecular O2 reveals that the 2DEG delocalized features are robust against oxygen exposure, whilst the localised IG states get suppressed. Comparison with Density Functional Theory (DFT) calculations provides evidence of a distinct depth-dependence of defect states. The 2DEG originates from subsurface VOs and resides in sub-surface layers due to the attractive potential resulting from these VOs. In contrast, the deeper lying IG states that are suppressed by O2 are originating from the surface VOs. Our results also provide a consistent explanation of previous contrasting findings and suggest possible strategies for controlling the carriers' concentration and transport at the surface of anatase-based materials.
II.
EXPERIMENTAL In order to reduce the effects of higher order components coming from the beamline optics, the monochromator has been tuned to obtain the best compromise between flux, resolution and higher order rejection. Furthermore, the residual second-order contribution was subtracted in all spectra.
The energy position of the Fermi energy (EF) and the energy resolution have been estimated by measuring the Fermi edge of poly-Au foil in thermal and electric contacts with the sample. The overall energy resolution (analyser + beamline) was kept below 250 meV for the entire photon energy range. Molecular oxygen was injected through a metallic capillary placed close to the sample surface. The amount of oxygen has been monitored by means of a Residual Gas Analyser available in the experimental chamber. Base pressure in the experimental chamber was 1 X 10 -10 mbar, up to a maximum O2 partial pressure of 4 X 10 -9 mbar.
B. STRUCTURAL AND ARPES RESULTS
Epitaxial strainless anatase TiO2 thin films were grown by PLD on LaAlO3 substrates.
Consistent results were also obtained for films grown on Nb-doped SrTiO3, indicating that the observed properties are intrinsic to the TiO2 anatase phase (see Figure S1 ). Details of the growth protocol and characterization results 20 Figure 1e : an outer parabola and a second (fainted) quantized sub-band related to the confinement potential at the surface 11, 12 . The bottom of the two quantized states is located at ~180 meV and ~65 meV for the outer and the inner band respectively, while the Fermi momenta (kF) are at ~0.18 Å -1 and ~0.11 Å -1 . These values are 25% larger than those obtained for the as-grown sample reported in panel f). In addition the bands of the annealed sample are located at ~45meV higher binding energies. All these changes confirm electron doping of the sample due to the increase of VOs by annealing, as observed also elsewhere. 22 For a direct comparison between the kF of the annealed and as-grown samples, Figure 1g ) reports the momentum distribution curves (MDCs) as extracted at the Fermi level for the two films (red/blue lines in panel e/f respectively), while panel h) shows the Energy Distribution Curves (EDCs) obtained from panel e and f at the two different kF vectors. In the latter, a broad intense non-dispersive state is found between ~1eV and 2 eV of binding energy (BE), corresponding to localized IG states 13, 23 . In the annealed samples, the spectral weight of IG states is shifted towards the Fermi level; the asymmetric shape of the peak is consistent with the presence of a second ingap state at lower BE (~1 eV). Such state appears also upon beam irradiation (see supplemental information Figure S3 ) and its spectroscopic intensity reaches a saturation value. This already suggests that the localised IG states located at ~ 1.3 and 1 eV of BE are related to different types of defects or to different oxygen vacancy sites and that the formation of the shallower defects is favoured by photoirradiation. Similar to the IG states, also the 2DEG intensity increases and saturates, in agreement with previous reports 10, 13 . A further significant spectral change in the two EDCs of panel h) is visible at the Fermi level: a shoulder on the 2DEG peak of the as-grown sample smears out after the annealing, consistently with an increased number of carriers 9 12 . The find the electron carrier density values for the two samples n2D as-grown 3·10 13 and n2D annealed 5·10 13 cm -2 , as calculated via Luttinger's theorem for two dimensional states with spin-degenerate bands 24 . While some reports suggest that the metallic state has a 3D character 9 a model linking the metallic state to the specific anatase surface arrangement has recently been shown to provide excellent agreement with the experimental data 11 . The 2D nature of the metallic state is also supported by experiments studying both the effect of electron doping through alkaline adsorption and the influence of beam irradiation at the anatase surface 10 Figure 1e ) and 1f), giving direct evidence of (partial) healing of VOs and consequent reduction of the number of free electron carriers at the surface, in agreement with previous reports 9 . Such a decrease corresponds to a reduction in the carrier density of 60%, qualitatively consistent with the theoretical picture for subsurface vacancies presented below. Estoich are the total energies of the reduced (defective) and stoichiometric (defect-free) slabs, respectively, and Etot (O2) is the total energy of the O2 molecule. Reaction pathways were determined using the climbing image nudged elastic band method. 42 
B. THEORETICAL RESULTS
The observed different dependence of IG and 2DEG states to oxygen dosing suggests that they could be linked to different vacancy sites. To confirm 27 this hypothesis, we performed DFT calculations of surface and subsurface VOs at the reconstructed anatase (001)(14) surface using the well-established model of Ref. 19 (Fig. 3a) . (consistent with Ref. 29 ).
The surface potential in the absence/presence of VOs was computed from the energies of the semi-core Ti 3s levels in different layers of the slab ( Supplementary Figs. S6 and S7 ). As shown in Figure 3e ), the potential becomes repulsive near the surface of a defect-free slab 11, 29 , and this effect is further enhanced in the presence of VO1 (green line). In contrast, VO7 (red line)
induces an attractive potential well (depth ~ 0.2 eV) that confines the excess electron states in the neighbouring Ti layers. Note that, unlike in previous modelling studies 11 , this confining potential emerges naturally in our calculations for the reduced slabs. (e) Surface potential from the shift of the Ti 3s peak in the different layers of the pristine and reduced slabs. The yellow shading highlights the region of negative (attractive) surface potential.
To model the effect of oxygen dosing, we considered the adsorption of an O2 molecule on the anatase surface with a surface or subsurface VO (Figure 4) . O2 adsorption on TiO2 is known to involve the transfer of excess electrons from the oxide to the molecule 1, 3, 27, 30 . In the presence of a VO1, O2 undergoes a strongly exothermic and barrier-less adsorption at the vacancy site (see Supplemental Figure S8 ), which results in the formation of a bridging peroxide (O2 2  ) at the ridge, denoted (O2)O in Figure 4 . Since the two excess electrons of VO1 are both transferred to the adsorbed species, no excess electron remains in TiO2, consistent with the strong reduction of the IG signal observed in ARPES when exposing the surface to O2.
A different picture holds for the adsorption of O2 on a surface with subsurface VOs. In this case, only one of the two excess electrons of the vacancy transfers to the O2 molecule 1, 3, 30 , thus resulting in the formation of an adsorbed superoxide (O2  ), denoted O2 * in Figure 4 . This negatively charged species has an attractive interaction with the positively charged subsurface vacancy, so that migration of VO toward the surface would be energetically favourable (Figure 4a ).
However, at variance with what was found for anatase (101) 27 , the energy barrier for subsurface  surface migration of the VO is quite high at the anatase (001) surface 31 (see Figure 4b ) for the VO4 VO3 migration step), at least for the O2 concentration considered here. Thus, the VO remains subsurface, the adsorbed O2 remains a superoxide, and one of the two excess electrons remains in TiO2. This explains the persistence of the 2DEG signal as well as the decrease in the number of carriers observed under oxygen dosing. 
IV. EXPERIMENTAL RESULTS 2 -RESONANT PHOTOEMISSION (RESPES)
To verify the scenario provided by the DFT results, we performed resonant photoemission (RESPES) measurements at the Ti L2,3 edges. As both IG and 2DEG arise from Ti 3d states 11, 12 , RESPES provides additional information by exploiting the energy shift between the core levels of titanium atoms with different oxidation states 31 . Figure 5a) shows the X-ray absorption spectra (XAS) across the Ti L3 edge from an as-grown sample (red curve) and under oxygen dosing (dark blue curve). In both XAS spectra the more prominent peaks are located at typical energies for titanium Ti 4+ in crystalline anatase 32, 33, 34 . Upon oxygen dosing, the spectral intensity is lowered in the pre-edge as well as in the valleys at ~459 eV and ~462.5 eV, which correspond to spectral lines of Ti 3+ 33 . As found in similar systems, e.g. rutile TiO2 35 and SrTiO3 36 , the observed changes can be directly linked to the number of oxygen vacancies.
The angle integrated photoemission EDCs, displayed as a color map in Figure 5b ), indicate that the IG and 2DEG states resonate at different photon energies (more detailed results are displayed in Supplemental Figure S9 ). The IG is peaked at an energy corresponding to a Ti 3+ oxidations state, i.e. the valley at ~459.3 eV (roughly 0.8 eV away from the resonance of the 2DEG states), in agreement with previous results 20, 23 . Conversely, the 2DEG follows the same trend of the XAS, with maximum intensity located around the L3-eg doublet at ~460.5 eV (characteristic of the stoichiometric Ti 4+ ). Similarly, above 462 eV (i.e. in the valley before the L2-edge) the IG intensity rises first. Altogether, these findings provide evidence that: i) the IGs are strongly localised on Ti atoms close to vacancy sites (Ti 3+ ) and ii) the 2DEG wavefunction is delocalised over many Ti sites, consistent with the theoretical results discussed above (see Figure 3c ) and d)). integrated. For both states two regions of momentum space were selected: the projected 2BZ centre ( _  1) and a low symmetry momentum region. For the IG state, these correspond to the black and grey rectangles, respectively. Similarly, the spectral intensity at the Fermi level has been integrated in the same momentum ranges (i.e. centre of 2BZ (orange) and outside (brown)). As expected, the in-gap state follows the same trend in both k regions, characteristic of a localized state, while the 2DEG state disperses having zero intensity outside the centre (i.e. beyond 0.2 Å -1 from _  1). In both panels the total electron yield acquired during the measurement is showed for comparison.
As in the case of the angle integrated spectra, it is readily observable that the 2DEG state resonates with the L3-eg doublet, whereas the in-gap state has Ti 3+ character, resonating in the valley at lower photon energy. 
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